The discovery of the biological activity of 9-cis-retinoic acid raises questions as to its mode of biosynthesis. A simple mechanism involves the direct isomerization of all-trans-retinoic acid to 9-cis-retinoic acid. It is shown here that bovine liver membranes, but not supernatant fractions, can isomerize alltrans-retinoic acid into 9-cis-retinoic acid and 13-cis-retinoic acid. The concentration of 9-cis-retinoic acid generated approaches its equilibrium concentration, which is determined here to be approximately 15%. However, the isomerization process could not be shown to be saturable, and is first-order in
INTRODUCTION
Mono-cis isomers of retinoids play important biological roles. Two noteworthy examples are 11-cis-retinal and 9-cis-retinoic acid. The visual pigment rhodopsin contains 1 1-cis-retinal as the light-absorbing chromophore, adducted to an active-site lysine residue via protonated Schiff base formation [1] . The sensation of light is initiated when a photon is absorbed by rhodopsin, leading to the cis-to-trans isomerization of the chromophore [2] . The retinoic acids affect many different biological processes and are probably of great importance developmentally [3] [4] [5] [6] [7] [8] [9] [10] . Recently, it has been shown that 9-cis-retinoic acid produces biological effects distinct, at least in degree, from those produced by all-trans-retinoic acid [11] [12] [13] . Moreover, 9-cis-retinoic acid binds to a subset of previously characterized receptors, known as RXR receptors, in addition to the RAR receptors, which are also known to be activated by all-trans-retinoic acid [14, 15] .
The discovery of 9-cis-retinoic acid as a biological mediator immediately provokes interest as to its mode of biosynthesis. A possible simple mechanism involves the direct isomerization of all-trans-retinoic acid to 9-cis-retinoic acid. Indeed, experiments with COS-1 and S2 cells appeared to demonstrate that alltrans-retinoic acid could be, at least partially, converted into 9-cis-retinoic acid and 13-cis-retinoic acid [11] [12] [13] . As the biological reduction of retinoic acids to retinals or retinols is unknown, this result would imply that there is a direct interconversion at the retinoic acid stage of oxidation. In the present paper, the catalysed isomerization of all-trans-retinoic acid by liver microsomes and chemical catalysts is described.
EXPERIMENTAL Materials
Retinoic acid, 13 -cis-retinoic acid and 9-cis-retinal were purchased from Sigma Chemical Co. All-trans-retinol was purchased from the Fluka Chemical Co. 3H-labelled retinoids, [11,12-3H] retinoic acid and [1 1,12-3H]retinol were purchased from New England Nuclear. 9-cis-Retinoic acid was prepared from 9-cisretinal or 9-cis-retinol by NaCN-catalysed MnO2 oxidation in all-trans-retinoic acid in the concentration range measured (8.3 nM to 3 ,uM) . Isomerization reactions measured using bovine liver microsomes appear to be mediated by thiol groups, as they can be blocked by group-specific thiol-blocking reagents such as N-ethylmaleimide. It is interesting to note that the nonstereospecific behaviour observed here mimics what is observed when all-trans-retinoic acid is applied to cells. Finally, significant formation of 9-cis-retinoids was not found when the reaction was carried out with liver microsomes and either all-trans-retinol or all-trans-retinal. methanol followed by hydrolysis of the resulting methyl ester [16, 17] . 9,13-Di-cis-retinoic acid was prepared by h.p.l.c. purification from a photoisomerate of all-trans-retinoic acid. Its identity was established by n.m.r. spectroscopy, and by comparing it with known spectra [18] at a flow rate of 1.5 ml/min. The u.v. detector was set at 350 nm and a Berthold h.p.l.c. radioactivity monitor (model LB 506 Cl) was used to measure 3H disintegrations. After each run, peaks corresponding to 9-cis-retinoic acid and all-trans-retinoic acid were integrated using Berthold software so that the relative peak sizes could be determined. Radioactive isomer peaks were identified by comparing the retention times of isomers in a mixture formed by photoisomerization of all-trans-retinoic acid. The identities of these isomeric peaks were established by coinjection of the photoisomerate with authentic samples of the various isomeric retinoic acids.
RESULTS
It had previously been shown that S2 cells and COS-1 cells could isomerize all-trans-retinoic acid to generate 9-cis-retinoic acid and 13-cis-retinoic acid [11] [12] [13] . Moreover, 9-cis-retinoic acid had been found to occur in liver and kidney [11] . Therefore initial experiments aimed at uncovering an in vitro isomerization activity were conducted on liver homogenates. All-trans-retinoic acid (40 nM) was incubated with various fractions from bovine liver for 1 h. The rates of formation of 9-cis-retinoic acid were measured, and are shown in Table 1 . Significant amounts of 9-cis-retinoic acid were formed, along with 1 3-cis-retinoic acid and 9,13-di-cis-retinoic acid, when the incubations were carried out with a liver microsomal preparation. The maximum amount of 9-cis-retinoic acid formed appeared to be approximately 10 % of total retinoic acid isomers. A reaction time course which establishes this is shown in Figure 1 . The 9-cis-retinoic acidforming activity appeared to be only membrane-associated, as only a relatively small amount of activity was found in supernatant fractions (Table 1) .
That the peak identified as 9-cis-retinoic acid was authentic was independently verified. First, the putative 9-cis-retinoic acid was collected, purified and found to be coeluted with authentic 9-cis-retinoic acid (Figure 2a) . Esterification of the material with diazomethane produced a compound which was coeluted with authentic methyl 9-cis-retinoate (Figure 2b) , and, finally, reduction of the radioactive ester with lithium aluminium hydride generated a compound that was coeluted with authentic 9-cisretinol (Figure 2c ). These chemical conversion studies established that the microsomally generated 9-cis-retinoic acid was authentic.
A study of the effects of buffer and pH on the isomerization process was then undertaken. As shown in Table 2 , sodium borate buffer at pH 9 appeared to afford the greatest amount of microsome-mediated isomerization when compared with background control values (heat-inactivated microsomes). A typical h.p.l.c. trace from an assay conducted in 100 mM sodium borate, pH 9, is shown in Figure 3 .
Although the experiments reported above appear to mimic what has been observed when all-trans-retinoic acid is added to certain cells [11] [12] [13] , the observation that the isomerization process is non-stereospecific suggests that it might not be enzyme mediated. If the isomerization process is enzyme mediated, it ought to be saturable with respect to substrate. As concentrations of all-trans-[3H]retinoic acid were increased, the rate of 9-cis-[3H]retinoic acid generated remained the same, indicating that the reaction remained first order with respect to all-trans-retinoic acid, rather than showing saturation ( Figure 4 ). Overall, these experiments suggest that the observed synthesis of 9-cis-retinoic acid is probably not enzyme-mediated. This, of course, is consistent with the observed lack of stereospecificity in the isomerization process.
The experiments described above demonstrate the catalysed formation of 9-cis-retinoic acid from all-trans-retinoic acid. It was of interest to determine whether isomerization could be achieved in the absence of liver membranes. When all-transretinoic acid was incubated with 1 % BSA and 1 % SDS in combination, isomerization was effected. It is interesting to note that no appreciable isomerization occurred when all-transretinoic acid was incubated with 1 % BSA or 1 % SDS alone. As the isomerization of all-trans-retinoic acid was effected by chemical catalysis, the equilibrium constant for the isomerization could readily be determined. An h.p.l.c. trace showing the equilibrium mixture generated from isomerizing radioactive alltrans-retinoic acid with BSA and SDS for 12 h is shown in Figure  5 . Equilibrium was effected beginning with pure 13-cis-retinoic Table 1 Assays of liver homogenate fractions
The catalytic capacity of various bovine liver fractions to effect isomerization of all-trans-retinoic acid to 9-cis-retinoic acid was measured using the following procedure: 1 uCi (44 nM) of all- Verification of the structure of 9-cis-retinoic acid purified from microsomally catalysed isomerization of all-trans-retinoic acid (a) (i) Photoisomerate of all-trans-retinoic acid co-injected with (ii) purified 3H-labelled metabolite coeluted with 9-cis-retinoic acid in the photoisomerate mixture. Peaks are as follows: (1) 13-cis and 9,13-di-cis; (2) The effects of buffer and pH on the isomerizing activity of bovine liver microsomes were studied using the following procedure. Microsomal pellets prepared by the standard procedure in 50 mM phosphate buffer, pH 7.4, were resuspended in ice-cold distilled water. To 400 ,ul portions of this suspension, containing approx. 1.2 mg of protein, were added 100 ul of 500 mM buffer and 1 uCi (44 nM) of all-trans-retinoic acid (50 Ci/mmol). Reaction mixtures were incubated with shaking for 3 h, then extracted and analysed as described in the Experimental section. The experiments were for single representative determinations which were independently repeated several times with similar results.
9-cis-Retinoic acid 9-cis-Retinoic acid product product from heatfrom fresh inactivated Buffer microsomes (%) (a) microsomes (%) acid, pure 9-cis-retinoic acid and pure all-trans-[3H]retinoic acid. The percentages of the isomers at equilibrium are shown in Table  3 . It is noteworthy that at equilibrium there is approximately 150% 9-cis-retinoic acid. However, the liver membrane preparation was not able to achieve the equilibrium concentration of 9-cis-retinoic acid, possibly because of the low rate of isomerization coupled with competing chemical processes.
The mechanism of the catalysis of the isomerization has not been investigated in detail, but it appears likely that thiol groups on the proteins are important. For example, thiol-blocking reagents, such as N-ethylmaleimide and p-hydroxymercuribenzoate, virtually abolish isomerase activity catalysed by either liver microsomes or BSA or SDS. In addition, mercaptans by themselves catalyse the isomerization of retinoic acid. Finally, it is also possible that the relevant biological isomerization in the biosynthesis of 9-cis-retinoic acid occurs at the alcohol or aldehyde oxidation states. However, studies with liver microsomes and chick embryo extracts showed no catalysed isomerization with either all-trans-retinol or all-trans-retinal. Therefore in the studies described here only the isomerization of the retinoic acids proved to be biologically catalysed.
DISCUSSION
Previously published experiments have demonstrated that 9-cisretinoic acid is a novel effector molecule which expresses its activity through RXR receptors [11] [12] [13] . These observations suggest questions concerning the mode of biosynthesis of this retinoid. The simplest mechanism for the isomerization reaction involves a direct isomerization at the retinoic acid level of oxidation. A mechanism of this type should be relatively simple to demonstrate, as the retinoic acids are not known to be reduced to retinals or retinols. Therefore direct experiments with alltrans-retinoic acid as substrate should be possible without the concern of further processing of the retinoic acid to retinals or retinols.
In the search for an enzyme that can catalyse the relevant isomerization, the isomeric equilibrium position of the retinoic acids must be considered. In the case of 1-cis-retinoids, an energy source is required to drive the process, as these latter retinoids only account for approximately 0.1 0% of an equilibrium mixture [19] . Equilibration of the retinoic acids with SDS and BSA showed 9-cis-retinoic acid to be a relatively major isomer at equilibrium, accounting for approx. 14.8 % of the equilibrium mixture (3.3 kJ/mol relative to all-trans-retinoic acid). These results are consistent with previous studies which have indicated that in retinals and retinyl esters, 9-cis-isomers account for 25 30 35 Isomerization of retinoic acid 10-14 % of the equilibrium mixture [19] . Unlike the case with 1 1-cis analogues, an energy source would probably not be obligatory in the formation of 9-cis-retinoids, given the stability of these compounds. It is also not at all obvious how energy might be transduced in the retinoic acid series, as it can be in the retinol series [20, 21] . The studies reported here show that a membrane preparation from bovine liver can generate the putative biological effector molecule 9-cis-retinoic acid from added all-trans-retinoic acid (Scheme 1). This catalysis, however, is non-stereospecific, because 13-cis-retinoic acid is also generated. As 13-cis-retinoic acid has no known biological function, the reason for its biosynthesis is obscure at this point. However, the observed non-stereospecific isomerization process appears to mimic closely what is observed when all-trans-retinoic acid is added to COS-1 or S2 cells in culture [11] [12] [13] . Here, large amounts of 13-cis-retinoic acid were generated in addition to 9-cis-retinoic acid.
Although it was not possible to determine directly if the liver microsome-mediated isomerization is catalysed by enzyme, several features of the reaction suggest that it is not. As described above, the process is non-stereospecific, and, in addition, it appears to be slow. The rate of formation of 9-cis-retinoic acid observed here is sluggish, having a velocity of 0.78 nmol/h per mg of protein at 44 nM all-trans-retinoic acid and at 23°C and pH 9. Also, less than the equilibrium concentration of 9-cisretinoic acid was achieved after isomerization. The fact that the equilibrium concentration of 9-cis-retinoic acid was not achieved may simply be a reflection of the relatively low rate of isomerization, and ofthe possibility that other chemical processes may occur which lead to a steady-state situation. To test more extensively whether the biosynthesis of 9-cis-retinoic acid is enzyme-mediated, we needed to determine whether or not the isomerization reaction was saturable or not. The isomerization rate of increasing concentrations (8.3 nM to 3 ,uM) of all-trans-[3H]retinoic acid was measured in these experiments. As 9-cisretinoic acid typically binds to its receptors in the nanomolar range, there seemed to be no need to exceed micromolar concentrations in this experiment [1 1-13] . Moreover, the plasma concentration of all-trans-retinoic acid has been measured to be only 12 nM [22] . The rate of 9-cis-retinoic acid formation remained first order with respect to all-trans-retinoic acid, rather than showing saturation. As the critical micellar concentration for all-trans-retinoic acid has been estimated to be approximately 1 ,uM, there also does not appear to be any effect of the physical state of the retinoic acid on the isomerization rate [23] .
Although the mechanism of the liver microsome-catalysed isomerization of the retinoic acids has not been explored, several experimental observations bear on this issue. The rate of microsome-mediated catalysis appears to be maximal at pH _.w v Table 3 Equilibrium percentages of retinoic acid isomers Portions containing 10 nmol of all-trans-retinoic acid to which had been added 1 ,uCi of alltrans-[3H]retinoic acid (50 ,uCi/mmol) were placed in siliconized Microfuge tubes and taken up in 100 ,ul portions of 20 mM NaOH. To this was added 400 ,tl of 1% BSA/1 % SDS. Reaction mixtures were extracted after various time intervals and analysed by h.p.l.c. After approx. 6 h, equilibrium was reached as determined by integration of radioactivity peaks associated with each individual retinoic acid isomer. The equilibrium percentages presented here were the averages of percentages from four data points at 7 h and two data points at 12 h. The equilibrium percentages were further confirmed by equilibration starting from the 13-cis and 9-cis isomers. The resulting product mixtures were analysed by h.p.l.c. Integrations of isomer peaks in the elution profiles at 350 nm were the same as those for reactions starting with alltrans-retinoic acid, within experimental error. The h.p.l.c. solvent was hexane/octan-1 -ol (199:1, v/v) with 10 mM trifluoroacetic acid, run through two LiChrosorb Si6O (5 ,um) columns in series at a flow rate of 1.5 ml/min. These conditions had the advantage that they could resolve the 13-cis and the 9,1 3-di-cis isomers of retinoic acid. Such a separation was not attainable on approx. 9 . On the surface it would appear that this should have little to do with the pKA of retinoic acid, which has been measured to be between 3.8 and 4 at low retinoic acid concentrations, such as those employed here [24] . However, the pKA of all-trans-retinoic acid has been measured to be considerably higher (approx. 8) in membranes and at concentrations exceeding 1 ,uM, concentrations at which micelles may be formed [23] . Furthermore, the isomerization process can be mimicked by simple chemical means, such as the addition of SDS with BSA at pH 9. We have found that thiol-blocking reagents, such as Nethylmaleimide, strongly inhibit microsome-mediated isomerization, suggesting that catalysis of the isomerization is mediated by thiol groups (J. Urbach and R. R. Rando, unpublished work). Moreover, N-ethylmaleimide also blocks the above-mentioned chemical catalysis of isomerization, showing that it too is probably thiol-mediated. The pH-and thiol-dependences of the isomerization reaction might then suggest that the isomerization reaction is mediated by a thiol anion, which, along with an anomalously high pKA for retinoic acid, would be expected to generate a pH versus rate maximum. If a base-catalysed Michaeladdition mechanism of catalysis were operative, protonated retinoic acid would be expected to be the Michael acceptor and the thiolate anion would be the Michael donor. Further experiments are needed to sort out specifics of the catalytic mechanism, but the origins of the observed catalysis appear relatively straightforward.
As the retinoic acids cannot be biologically reduced, the isomerization process observed here is not ascribable to isomerization at the retinol or retinal states of oxidation. It is, in principle, possible that a biologically significant isomerization process, which eventually provides 9-cis-retinoic acid, occurs with either all-trans-retinal or all-trans-retinol as substrate, as there are well-described pathways for the oxidation of retinols and retinals to retinoic acids [25] . Along these lines it is noteworthy that the observed isomerization occurring in the biosynthesis of 1 1-cis-retinal occurs at the alcohol level of oxidation [26, 27] . Here, all-trans-retinol (vitamin A) is first esterified by lecithin retinol acyltransferase to generate an alltrans-retinyl ester [20, 21] . The all-trans-retinyl ester is then processed by an isomerohydrolase enzyme to generate 1 1-cisretinol, which is readily oxidized to produce 1 1-cis-retinal [20, 21] . This unusual energy-requiring mechanism is needed because of the thermodynamic instability of 11-cis-retinal, which accounts for only 0.1 % of a retinal equilibrium mixture [19] .
However, neither all-trans-retinol nor all-trans-retinal was specifically isomerized to its 9-cis congeners by either bovine liver microsomes or chick embryo homogenates. The latter tissue is known to possess RXR receptors, and presumably produces the endogenous 9-cis-retinoic acid effector for this receptor [11] . Other than the retinoic acid-isomerizing process described here, no other mechanism for the biosynthesis of 9-cis-retinoids has been described. It is certainly possible that the process described here is the biologically significant one. After all, it mimics the reaction produced when all-trans-retinoic acid is applied to cells. If there is another more biologically relevant process going on, its demonstration will be confounded by the process described here. There are other possibilities that need to be considered as well. Although unlikely, it is possible that 9-cis-retinoic acid is not the naturally occurring RXR effector, in which case there is no need for an enzyme-mediated route to it. Another possible mechanism involves the oxidative processing of dietary 9-cis-/3-carotene to 9-cis-retinoic acid in animals, obviating the requirement for an isomerization reaction in the retinoid series. It is an established fact that 9-cis-,/-carotene is found in plants [28] [29] [30] [31] . In addition, 9-cis-retinol and 9-cis-#-carotene have been found in human serum and in milk products [28] [29] [30] [31] . This raises the possibility that 9-cis-retinoic acid and other 9-cis-retinoids may be generated from ingested 9-cis-/?-carotene in the same way that all-trans-retinoids can be generated from all-trans-,/-caro- 
